The concept that developmental events shape adult health and disease was sparked by the recognition of a link between maternal undernutrition and coronary disease in adults. From that beginning, a new field-the developmental origins of health and disease-emerged, and attention has focused on the effects of a wide array of developmental perturbations. Exposure to endocrinedisrupting chemicals has been of particular interest, and a ubiquitous environmental contaminant bisphenol A (BPA) has become the endocrine-disrupting chemical poster child. Bisphenol A has been the subject of intense investigation for nearly two decades, and exposure effects have been described in hundreds of experimental, epidemiological, and clinical studies. From the standpoint of reproductive health, the findings are particularly important, as they suggest that the ovary, testis, and reproductive tract in both sexes are targets of BPA action. The findings and the media and regulatory attention garnered by them have generated increasing public concern and resulted in legislative bans on BPA in some countries. The subsequent introduction of BPA-free products, although a masterful marketing strategy, is in reality only the beginning of a new and complex chapter of the BPA story. In this review we attempt to summarize what we have learned about the reproductive effects of BPA, present the reasons why studying the effects of this chemical in humans is no longer sufficient, and outline the challenges that the growing array of next generation bisphenols represents to clinicians, researchers, federal agencies, and the general public.
in legislative bans on the use of BPA in some types of consumer products (e.g., baby bottles) in several countries including Canada, France, and the United States. As a result, new products have rapidly transformed the marketplace, with the appearance of "BPA-free" plastics, thermal paper, and linings of food and beverage containers. However, although the BPA-free label has proved a valuable marketing strategy, it provides no guarantee of a safer product; in most products, BPA has been replaced by other bisphenols.
We summarize the most recent data on the reproductive effects of BPA exposure in men and women and what we know about human exposure and metabolism. We also summarize emerging research on BPA analogues, the ramifications of the rapid emergence of these structural variants of BPA, and the challenges they present for researchers and clinicians.
THE TESTIS: BPA, TESTICULAR DYSGENESIS, AND RISKS TO SUBSEQUENT GENERATIONS
What is known at present as the Estrogen Hypothesis grew out of observations in men. Analyses of semen samples collected between 1938 and 1991 in the United States and Europe suggested a decline over time in semen volume and sperm number and morphology (9) . These changes in gamete production appeared to correlate with increases in the incidence of male reproductive disorders, which included undescended testes, urethral malformations, and reproductive tract cancers (9) (reviewed by Skakkebaek et al. [10] ). This constellation of male reproductive disorders-known as testicular dysgenesis syndrome (10) -was postulated to result from exposure during development to exogenous estrogens entering our daily lives through foods, consumer products, and pollution (11) .
Experimental studies of a number of different environmental estrogens demonstrate that developmental exposure induces changes to the male reproductive tract and testes, providing support for the estrogen hypothesis (reviewed by Sweeney et al. [12] and Skakkebaek [13] ). In addition, studies of different EDCs including BPA suggest that the effects of exposure are not limited to the exposed individual, but may affect subsequent generations. The multigenerational and transgenerational inheritance of abnormal phenotypes induced by EDCs has been the subject of several recent reviews (e.g., Xin et al. [14] and Stel et al. [15] ). These effects on subsequent generations are thought to result from epigenetic changes but, as discussed later, the link between exposure and altered epigenetic regulation remains unclear and is the subject of intense current investigation.
In the male, effects induced by fetal and early postnatal BPA exposure include changes in sperm and semen quality, hormonal imbalance, and malformations of the reproductive tract (reviewed by Peretz et al. [16] ). For example, in rodents, exposure during testis development has been suggested to alter Sertoli cell number (17, 18), Leydig cell function (as evidenced by changes in steroidogenesis [19] [20] [21] ), and to decrease sperm production (1). Importantly, errors occurring during reproductive tract development prime the male for adult diseases, including cancers of the testis and prostate (22, 23).
Several reports indicate that the deleterious effects of BPA may be transmitted to subsequent, unexposed generations (reviewed in Xin et al. [14] ). Because exposure can directly affect the sperm produced, it is easy to understand how phenotypic effects can manifest in the offspring of exposed males. Effects that persist in unexposed generations (i.e., in the grandsons of exposed males) are more difficult to comprehend. This type of transgenerational inheritance not only requires epigenetic changes in the germline of the exposed male, but failure to erase these changes during germline reprogramming in the subsequent generation (see Xin et al. [14] for an excellent recent review). Metabolic, behavioral, and testicular phenotypes resulting from gestational exposure to BPA (24, 25) or to mixtures of plastic chemicals (26) have been reported to be transmitted to unexposed sons and grandsons, suggesting that exposure during specific stages of development may induce transgenerational effects.
Changes that endure across generations are typically thought to result from DNA mutations, but the reproducibility of transgenerational phenotypes induced by BPA and other EDCs implicate alterations to the epigenome rather than genetic mutations. Epigenetic modifications include changes in DNA methylation, histone post-translational modifications, and noncoding RNAs, and the mechanism(s) through which BPA induces transgenerational phenotypes remain unknown. Although several reports suggest that BPA exposure can induce changes in DNA methylation patterns in somatic tissues ([27-29] ; reviewed in Xin et al. [14] ), and a single study (26) has reported DNA methylation changes in mature sperm two generations after exposure, at present no study has demonstrated the induction of specific germline changes and their persistence across generations.
Because the transmission of disease phenotypes to subsequent generations necessitates passage through the germline, a recent report (30) of permanent changes induced in spermatogonial stem cells is particularly interesting. Specifically, perinatal exposure to BPA or ethinyl E 2 (EE) was reported to induce meiotic perturbations that could be traced back to changes in the spermatogonial stem cells of exposed males (30). Changes induced in spermatogonial stem cells will not only be transmitted to all spermatogenic descendants produced during the lifetime of the male, but can be passed to the next generation through mature sperm. Thus, epigenetic changes to the spermatogonial stem cell itself may be responsible for transmission of disease phenotypes in unexposed descendants. However, we currently have no understanding of the mechanisms that allow epimutations in the germline induced by BPA or other EDCs to escape the genomewide epigenetic reprogramming that occurs during fetal and perinatal development.
THE OVARY: VULNERABILITY AT MULTIPLE STAGES
Experimental data suggest that the ovary is sensitive to BPA exposure during at least three distinct stages of development, and involving multiple processes, including meiotic chromosome dynamics, follicle development and growth, and epigenetic reprogramming (reviewed by Peretz et al. [16] ). Data from experimental studies suggest that maternal exposure during midgestation coinciding with the onset of oogenesis in the fetal ovary can alter synapsis and/or recombination between meiotic chromosomes in oocytes from mice, monkeys, and cultured human fetal ovaries (31-33). Importantly, the subtle meiotic changes induced during this fetal stage of oogenesis increase the frequency of chromosomally abnormal eggs and embryos in the adult (31). Exposure at a slightly later stage of development (late gestation in the rhesus monkey and immediately after birth in the mouse) disrupts the formation of ovarian follicles, leading to the generation of multioocyte follicles and unenclosed oocytes (32, 34, 35) , altering viable follicle populations in the adult. Given these experimental data, the expectation for adult women exposed in utero would be, as follows: [1] an increase in pregnancy failure and birth defects, if exposure coincides with the onset of meiosis in the fetal ovary, and [2] a decreased ovarian reserve and potential shortening of the reproductive lifespan, if exposure occurs at the time of follicle formation. However, because records of an adult's in utero exposure are currently unattainable, the potential effects of human exposure can only be extrapolated from animal data.
In addition to developmental exposure, experimental data provide compelling evidence that adult exposure can adversely affect later stages of oocyte development, including follicle growth and meiotic maturation. Studies using high and low doses of BPA suggest a nonlinear dose response relationship between BPA exposure and follicle growth. Specifically, BPA has been reported to inhibit steroidogenesis and growth of mouse follicles in vitro (36, 37) , although lower concentrations have been reported to accelerate follicle growth and alter the epigenetic reprogramming that occurs in the oocyte at this time ( [38] and reviewed in Peretz et al. [16] ). Similarly, high urinary BPA concentrations in women have been linked to decreases in peak E 2 levels (39), antral follicle numbers (40) , oocyte yield, and success in the assisted reproduction technology (ART) setting (39, 41) .
Ample evidence suggests that oocyte meiotic maturation also can be affected by BPA exposure. The first reported effect of BPA on the oocyte was of an exposure to the periovulatory follicle and an effect on meiotic chromosome alignment and segregation that increased the incidence of chromosomally abnormal eggs in mice (7) . Numerous subsequent studies (reviewed in Peretz et al. [16] and see [42] [43] [44] ) have provided support for the detrimental effects of BPA on oocyte maturation. Thus, there is ample evidence that the periovulatory oocyte in a range of species-including humans-is vulnerable to the effects of BPA exposure. Further, these data, in conjunction with the data on meiotic effects from fetal exposure, perfectly recapitulate what we know about the human maternal age effect on aneuploidy: events during pre-and postnatal development influence the likelihood of producing a chromosomally abnormal egg (45) .
Our understanding of the mechanisms through which BPA exerts its effects on the ovary and oocyte remains rudimentary. However, estrogen receptor β (ER-β) and aryl hydrocarbon receptor-mediated pathways have been implicated in fetal meiosis and adult follicle growth, respectively (31, 37). Importantly, experimental data suggest that BPA exposure also interferes with the epigenetic reprogramming of the female germline that occurs during follicle growth (38, 46) and in the early preimplantation embryo ( [47] and reviewed in Eichenlaub-Ritter and Pacchierotti [48] ). Although direct links between BPA, receptor signaling, and epigenetic modifications in the oocyte have not yet been delineated, the role of the epigenome in fetal development and adult disease makes this is a critical area of investigation.
In summary, evidence from a variety of studies suggests that multiple stages of oocyte development can be adversely affected by BPA exposure. Further, there is growing evidence that times of chromatin remodeling and imprint establishment during gametogenesis in both sexes are particularly vulnerable.
HUMAN BPA EXPOSURE: WHAT WE KNOW AT PRESENT
For many years, the consumption of contaminated food and beverages was assumed to be the major route of human exposure to BPA. Because BPA that is swallowed is subject to rapid first-pass metabolism by the liver, it was argued that exposure to the bioactive parent compound would be brief and negligible, therefore BPA posed little risk to humans. Data from biomonitoring studies, however, have been inconsistent with this assumption, reporting higher levels of bioactive BPA in human serum than expected for BPA absorbed from the gastrointestinal tract (49) (50) (51) . It has been argued that these studies were flawed, and the reported levels of unconjugated BPA resulted from contamination ( [52] ; for a review, see Vom Saal and Welshons [50] ). As detailed later, issues surrounding the measurement of BPA and the control of contamination have been resolved and, importantly, growing evidence from human and experimental studies suggests that nonoral routes contribute significantly to human BPA exposure (50, 51, (53) (54) (55) .
Human studies of adult subjects, although limited in number, provide direct evidence that the duration of BPA exposure depends on the route by which it enters the body: BPA that is swallowed (i.e., as a capsule or in soup) is rapidly metabolized (56, 57) , but metabolism of BPA absorbed dermally and sublingually may be less efficient (54) . Data from dogs (58), sheep (59) , and monkeys (51, 60) suggest that the duration of exposure to unconjugated BPA is influenced by how long food containing BPA is held in the mouth, because BPA absorbed sublingually or from buccal tissues circumvents rapid first-pass metabolism. Similarly, sustained levels of bioactive BPA in human blood were reported when BPA was absorbed through the skin from the handling of thermal receipt paper (54) . In summary, the combined data from human and experimental studies suggest that the level and duration of exposure to unconjugated BPA-which, until recently, was assumed to be the only bioactive formdepend on the route of exposure. In addition, data from studies in nonhuman primates suggest that BPA metabolism is altered by pregnancy, changes during the course of gestation (51) , and that BPA rapidly crosses the placenta (51, 61) . Notably, levels of unconjugated BPA found in the fetal compartment are sufficient to induce developmental effects in experimental studies (32, 51, 62-66).
Questions about the validity of BPA measurements in human serum due to concerns surrounding the analytical methodology used and the potential for sample contamination prompted the National Institutes of Health, National Institutes of Environmental Health Sciences to undertake a collaborative "round robin" study (49) . Four laboratories participated, with the goal of establishing reliable protocols for the reproducible measurement of BPA in body fluids and tissues. This study demonstrated that contamination could be detected and eliminated from collection materials and regents through screening. It also led to the development of new methodology for the direct analysis of BPA in human biospecimens (67) and the ability to reliably and accurately measure unconjugated BPA and its two major metabolites, BPA glucuronide and BPA sulfate. The ability to identify individual metabolites using direct detection methods makes it possible to detect metabolic differences among individuals, identify allelic variants (e.g., in metabolic enzymes) that affect BPA metabolism, and to determine whether specific genetic variants render an individual more vulnerable to the effects of exposure (67) . This is particularly important in light of recent data suggesting that the glucuronidated form exhibits estrogenic bioactivity (68) .
The implications of the advances in our understanding of BPA metabolism and the effect of exposure route, coupled with new concerns about the bioactivity of metabolites, are serious.
Estimates of human exposure made in the past decade have been based on multiple erroneous assumptions: that most of our exposure is oral, that BPA is rapidly metabolized, and that metabolites are harmless. Thus, human exposure has been significantly underestimated. As detailed later, however, other recent developments have served to expand concern beyond BPA.
BPA-FREE: NEW PROBLEMS, NOT SOLUTIONS
Nearly a decade after the initial reports of detrimental effects of developmental BPA exposure, consumer concern spurred bans in several countries on the use of BPA in specific products, most commonly products for infants and toddlers. Growing public awareness has fueled consumer demand for "BPA-free" products, including plastics, thermal paper, and linings of food and beverage containers. In most products, however, the BPA-free label provides no guarantee of a safer product, as BPA has been replaced by other bisphenols (Fig.  1) . As discussed, the rapid emergence of these structural variants of bisphenol has important ramifications. Although the metabolism and endocrine disrupting properties of these new compounds have not been characterized, they have already begun to emerge as biocontaminants.
The list of bisphenol analogues in current use is long and growing. Presently, Bisphenol-S, F, B, and AF are among the most common in consumer goods (for a review, see CaballeroCasero et al. [69] ), although this statement will likely be out of date by the time it is published. Their rapid introduction makes understanding the physiological effects of these chemicals a daunting task. Bisphenol A, for example, was originally characterized as a weak estrogen based on its binding affinity for the classic ERs but, through extensive investigation, has proved to be a remarkable chemical chameleon. In mammalian cells, BPA exhibits many actions that vary according to dose, tissue, and developmental stage and include effects beyond strictly "estrogenic" and "antiestrogenic," downstream of several different receptor types (70, 71) . At present, little is known about individual replacement bisphenols but, because structural variation can alter receptor-binding affinity (72) , it seems likely that biological effects will vary among bisphenols. However, the limited data from reproductive and other tissues provide preliminary evidence that, like BPA, other bisphenols induce developmental effects ( [73] [74] [75] ; reviewed in Rochester and Bolden [76] ). For example, BPS and BPF exposure exert effects similar to those reported for BPA on testis gene expression and steroidogenesis in male rats (77); BPAF exposure disrupts mouse oocyte maturation to a similar or greater extent than BPA (42) ; studies in zebrafish show that the effects of BPS on the reproductive neuroendocrine pathway are similar to BPA (78) . However, as with BPA, the nature of the specific effects of exposure undoubtedly depends on the developmental timing of exposure and the tissue examined. Thus, each new bisphenol will require extensive characterization. Each will also require the development of new analytical tools for accurate biomonitoring. Finally, and most importantly, the introduction of multiple structurally similar compounds presents a serious confounder to our efforts to understand the impact of BPA exposure on human reproductive health.
Recent profiling of bisphenols leaching from beverage containers detected, on average, 1.26 μg/L BPA in beverages along with an additional 1.00 μg/L BPF (79), and a study of bisphenol contamination in prepared foods yielded similar results (80) . Thus, total bisphenol levels are likely substantially higher than levels of BPA alone, and understanding human exposure and the risks posed to human health requires a complete bisphenol profile. That is, the rapid emergence of replacement bisphenols not only complicates attempts to understand the risks posed by human BPA exposure, it amplifies the risk assessment problem because the risk posed by each new bisphenol is now a concern. Furthermore, because humans are exposed to many EDCs, an understanding of how bisphenols act and interact, not only with each other, but with other EDCs is essential. From studies in mice, we know that mixtures of estrogenic compounds can interfere with one another in vivo. Dietary phytoestrogens affect fetal but not maternal E 2 levels (81), and can impact the dose-response relationship between BPA and effects on meiotic maturation in the periovulatory oocyte (82) . Similarly, a recent study (83) in humans found that the correlation between high urinary BPA and poor ART success in women undergoing fertility treatment was influenced by the consumption of soy products. Thus, although they are structurally similar, bisphenols may exhibit markedly different receptor-binding behaviors and will not necessarily have additive effects in a mixture. Although sophisticated pathway modeling in silico may aid in parsing out the interactions of chemicals in mixtures, an understanding for each bisphenol of the pathway activation and downstream effects in individual tissues and during different developmental stages will be essential.
SUMMARY AND FUTURE DIRECTIONS
Data amassed from the study of BPA during the past two decades suggest that human exposure to this chemical is nearly constant and poses a major risk to male and female reproductive health. Increased consumer awareness and concern has led to the rapid replacement of BPA with other "next generation" bisphenols. Limited data available on the first group of these structurally similar replacement bisphenols suggest that their biological activity is similar to BPA and they are not safer alternatives to BPA. Tracking the emergence of new bisphenol contaminants, however, represents a major technical challenge that requires the development of new analytical tools. The challenges posed by this class of chemicals require more than new technology; the collaborative efforts of researchers, clinicians, and government agencies will be essential in understanding how humans are exposed to and metabolize bisphenols, the tissue and stage-specific effects of individual bisphenols, and the actions and interactions of mixtures of bisphenols and other EDCs in the body. Importantly, although the evidence of risk for BPA is significant and has prompted legislative action in a number of countries, the rapid release of new bisphenols onto the market undermines current and future risk assessment efforts. Thus, a critical and immediate societal challenge is the development of new methods of determining the biological actions and assessing the potential risk of chemicals before they are marketed. 
